Abstract: A variety of substituted cyclopropenone acetals have been prepared and studied for the purpose of gaining further insights into their organometallic and thermal chemistry. Acidic hydrolysis of the acetals gave the corresponding cyclopropenones, among these are a naturally occurring cyclopropenone antibiotic, penitricin. A new class of cysteine protease inhibitor can be realized if the penitricin moiety is contrived as a dipeptide-like binding site. Thermolysisbf substituted cyclopropenone acetals generates vinyl carbene species that undergo [1 + 2] and [3 + 2] cycloadditions to electrondeficient olefins. The cyclopropenone acetal also serves as a precursor to a dipolar trimethylenemethane. The vinyl carbene and the trimethylenemethane species undergo cycloaddition to give buckminsterfullerenes, with which the various organic derivatives of fullerenes generated have been shown to exhibit photo-induced cytotoxicity, DNA cutting activity and enzyme inhibition.
With our long standing interest in strained molecules (ref. 10) , we became much attracted by the "anomalous" structure of these molecules, but simultaneously noticed the scarcity of knowledge on their interaction with the living system. The problem has been compounded further by the lack of synthetic chemical studies conducted on these molecules hitherto. Previous synthesis of penitricin Vol.52, No.11 (November 1994) ( 63 ) was achieved in only 1% yield (ref. 11) and was not amenable for the preparation of congeners. Buckminsterfullerenes are too insoluble in aqueous solution to be studied for their biological activity, and synthetic routes to water-soluble derivatives were unknown. However, basic information on the chemical reactivities of fullerenes was prerequisite to carrying out any molecular designs. 3 4 5 6 We approached these problems with the aid of cyclopropenone acetal 5 (CPA) (ref. 12). Studies on their organometallic chemistry and thermal chemistry rectified many of the aforementioned obstacles. Initial studies on the more rudimentary problems culminated in the synthesis of a cyclopropenone-containing enzyme inhibitor and a fullerene-based site-specific DNAcleaving agent. In this account, we will describe the application of some synthetic chemistry in the creation of these novel biofunctional molecules.
Metalated
Cyclopropenone Acetal and Enzyme Inhibitor 2.1. General synthesis of cyclopropenones. The CPA 5 was first recorded in the literature in 1972 (ref. 13 ) and has since been studied for several purposes including the preparation of the parent cyclopropenone 3 (ref. 13) , and the generation of vinyl carbene species (ref. 14). With only the parent compound being available, however, the full potential of CPA remained unnoticed until recently.
In 1989, we reported a key discovery that functionalized cyclopropenones can be synthesized by alkylation of a metalated CPA 6 (ref. 15) . Subsequent refinements made available a variety of CPAs, from which the corresponding cyclopropenones can be prepared in high yield (ref. 16). The synthesis solved many of the problems of conventional cyclopropenone synthesis, in particular, the poor yield of the alkyl-substituted derivatives and the issue that the side chain functionality is not always compatible with certain harsh reaction conditions. Moreover, the merit of this synthesis lies in its convergent approach: the cyclopropenone module and a side chain module could be coupled under mild conditions. The compound types listed above were evaluated for the antimicrobial activity. The monosubstituted a-hydroxycyclopropenones C , showed activity comparable to or better than that of penitricin. However, cyclopropenones lacking the a-hydroxyl group (A and B) or those having its hydroxy group at a remote position on the side chain (F) showed very weak or had no activity at all. Notably, the disubstituted cyclopropenones D and E are also inactive. For all series of compounds, the corresponding CPAs did not show any antimicrobial activity.
Cyclopropenones
were examined also for their cytotoxicity against the Hela S3 cell line. The structure-activity relationship was different from that of the antimicrobial activity.
The a-hydroxy group proved to be irrelevant to the cytotoxicity. The activity largely depends on the number of substituents on the cyclopropenone ring. The parent cyclopropenone and mono-substituted derivatives showed moderate cytotoxicity and disubstituted compounds showed much weaker activity, suggesting the importance of electrophilicity on the olefinic moiety. While the biological activity of the penitricin analogs was at best moderate, this study indicated the importance of the hydroxymethylcyclopropenone structure for the antimicrobial activity.
Vol.52, No.11 (November 1994) ( 65 ) 2.3. Cyclopropenone-containing-inhibitor of papain. Cyclopropenone is an intriguing ambiphilic compound and reacts through a variety of reaction pathways, but little could (and can yet) be speculated on the correlation between the chemical reactivity and the biological activity (vide supra). One attractive hypothesis was that a nucleophilic attack triggers the activity. For instance, the reaction at the active site of an enzyme would covalently trap the molecule, resulting in irreversible inhibition of the enzyme activity. Various possibilities having been considered, the compound 15 was found to behave as a potent inhibitor of papain, an archetypal cysteine protease, with a Ki at the sub 1.1M level. The main structural feature of this molecule, a cyclopropenone containing inhibitor (CCI), consists of a penitricin-like reactive site and a dipeptide-like binding site connected by a C-C bond (ref. 19 ). 17 18 19 20 15:
The synthesis of 15 was achieved by taking full advantage of the metalated CPA chemistry. Thus, 2-phenylcyclopropenone acetal 17 was lithiated and added to (S)-N-(tert-butoxycarbony1)-valinal to obtain the alcohol 18 and its 1'R-epimer as a 2:1 diastereomeric mixture, which was carried through to the final stage without separation. Removal of the acetal and the Boc group gave the amino alcohol hydrochloride (19) . Condensation of 19 with the mixed anhydride obtained by the reaction of (S) -N-(cyclohexylmethoxycarbonyl)leucine 20 with isobutyl chloroformate then gave the target CCI 15 and its 1'R epimer 16 as a ca. 2:1 mixture readily separable by silica gel chromatography. With the substituted CPAs in hand, we decided to examine their thermal chemistry. The availability of the substituted compounds should obviously expand the scope of the Boger study. However, the substituents break the C2v symmetry of the parent CPA and thus has potential to introduce regioselective ring cleavage. We studied this issue in two stages, first, the analysis of the initial ring cleavage, and then that of the cycloaddition reactions (ref. 21). 
Among various carbene cycloadditions, the [1 + 2] cycloaddition of CPA is unique in several respects. Firstly, the starting material is readily available on a large scale (ref. 17 ). In addition, it is quite stable, since only a minute amount of the VC species is generated in equilibrium with CPA, with which the VC does not react. Hence, we do not need to run a risk of handling potentially explosive diazo compounds. Secondly, the VC being stabilized with the two alkoxy groups, intramolecular carbene rearrangement does not compete with the intermolecular ring forming reactions. Finally, the strong endo preference is unique among carbene transfer reactions, which are generally non-selective in this respect.
Cyclopentene
synthesis. With highly electron-deficient olefins, the VC species undergoes [3 + 2] cycloaddition to form cyclopentenone acetals. Interestingly, the regiospecificity for the ethyl, phenyl and silyl CPAs (see below) was slightly different from that of the [ 
The regioselectivity observed in the thermal reactions of substituted CPAs with water, olefms and C60 is summarized in Table I . To the merit of synthetic chemistry, the cycloadditions take place with excellent regioselectivity, though the initial VC formation is barely selective. The one exception of this generalization was found for the [3 + 2] cycloaddition of the ethyl CPA (26) . No good rationale can yet be offered either for the generally high selectivity or for this single case of poor selectivity. Analysis of the factors that determine the kinetic reactivity of the VCs is the subject of future studies, wherein the mechanism of each reaction must first be scrutinized. It has been suggested that the [3 + 2] reaction of a VC with highly electron-deficient olefins proceeds via a single electron transfer mechanism, while the [1 + 2] reaction proceeds through a concerted one (ref. 30).
[3 + 2] Cycloaddition of trimethylenemethane.
Base-catalyzed isomerization of an alkyl-substituted CPA gives an alkylidene cyclopropanone acetal 31, which has proven to be useful for yet another type of [3 + 2] 31 32 33 In summary, the thermal chemistry of substituted CPA provided stereo-and regioselective entries to substituted three-and five-membered rings.
3.6. Biofunctional fullerenes. Our VC and TMM cycloaddition chemistry constructs rigid structures on the C60 core by simultaneous formation of two C-C bonds under neutral conditions, and introduce functional groups useful for further elaboration. We hence set out to make water-miscible fullerene derivatives with an ultimate view to make conjugates of fullerene of biofunctional interest (ref. 36).
The initial step was the esterification of 29 and 33 with a dibasic carboxylic acid to prepare a detergent-like molecule. Preliminary studies on the stability of the C60 core against chemical reactions indicated that it tolerates weakly basic (e. g., pyridine) to strongly acidic conditions (e .g., TiC14 or aq. H2SO4) (ref. 37 ). Hence we could esterify the alcohols 29 and 33 with succinic anhydride to obtain 34 and 35. These compounds are brown solid and strongly absorb UV to visible light. Unlike the parent C60, the acids 34 and 35 are soluble in polar solvents and form emulsions in aqueous dimethylsulfoxide, and thus are useful for biological investigations. 
Conclusion
The marriage of two different classes of strained molecules with the assistance of new organic reactions revealed exciting possibilities in bioorganic research. While our work on CCI continues, the studies on the biological behavior of fullerenes is quickly coming to the second stage. Concomitant with our studies, two American groups found activity of water-miscible fullerenes against HIV itself (ref. 39 ) and HIV protease (ref. 40) . We have just synthesized a 14C-labeled version of 35 and obtained the first information on the absorption and distribution of a water-miscible fullerene in rats (ref. 41) . In vitro cytotoxicity has been examined for a variety of water-miscible fullerenes derivatives and preliminary data on in vivo toxicity studies indicated that 34 shows no noticeable acute toxicity to mice. Extension of our DNA-photocleavage work led to the design and synthesis of DNA/C60 conjugates (e.g., 36), which are capable of highly sequence-specific DNA recognition, and thus cut single-and double-strand DNA with high site-specificity (ref. 42 ). The detergent-like 35 forms a Langmuir-Blodgett film, which has been layered on mica (ref. 43) Initially our humble efforts in bioorganic research with the aid of strained molecules thus proved rewarding. With all the efficiency of organic reactions and physical analyses, we are entering into an era, in which synthetic chemist can make full use of his or her ability to create fascinating new molecules-one of the prime objectives of synthetic chemistry. 
